Black phosphorus (BP), in contrast to most van der
The role of screening in semiconducting materials with reduced dimensionality has recently seen renewed interest due to the new possibilities arising from isolated single-layer van der Waals (vdW) materials, which can be stacked into complex heterostructures [8] [9] [10] and/or tuned through their dielectric environment 11, 12 . Given the fact that nearly all van der Waals materials have a hexagonal structure, the resultant screening is highly isotropic in the plane of an individual layer. In contrast, vdW materials with anisotropic screening may host many interesting possibilities for tuning interactions, leading to a pronounced influence on the behavior of collective modes 7, 13 , the prominence of charged impurity scattering 14 , and even the emergence of superconductivity 15 or magnetism 16 . Black phosphorus (BP) is a vdW material that offers the unique opportunity to experimentally explore the effect of anisotropic screening. The structure and electronic structure of an individual layer BP is highly anisotropic, leading to strong consequences in the charge carrier transport 3, 4 , particle-hole excitations 17 , and plasmonic dispersion 7 . Although internal screening in the long-wavelength limit (k  0) is predicted to be isotropic inplane 6 , optical experiments have shown that the excitonic wavefunction in thin BP samples is anisotropic 5 . More sophisticated analytical models and numerical calculations 7 suggest anisotropy in the screened response of few-layer BP, but have not yet been experimentally tested. Despite its fundamental significance for many basic material properties, little is experimentally known about microscopic electrostatic screening in BP.
Here, we quantify the electrostatic screening from the surface layers of BP by looking at its effects on the long-range ordering of charged potassium adatoms. Utilizing scanning tunneling microscopy (STM), we explore the spatial distributions of potassium adatoms as a function of temperature (T) and potassium density (nK). STM imaging reveals the development of 1D potassium structures, strongly favoring an orientation along the armchair direction, driven by anisotropic charge screening from the surface layers.
Using these images, we quantify the mean interaction potential (Em) [18] [19] [20] and corroborate changes to Em with measurements of the two-dimensional (2D) Fermi contour derived from angle-resolved photoemission spectroscopy (ARPES). We observe very long-ranged, anisotropic screening behavior.
While Friedel oscillation-related screening behavior accounts for the long-range ordering in both directions, additional anisotropic short-range correlations are observed along the armchair direction.
An STM image of a clean BP surface after cleaving in situ is shown in Fig. 1a . Characteristic intrinsic defects are observed at and below the surface with STM 25 , with an areal density of approximately nV = 3.1x10 ) is shown in Fig. 1b . The adatoms are imaged as isotropic protrusions with a bias-dependent apparent height 200 pm < Δz < 300 pm. As shown in Fig. 2 , the diffusion of K adatoms at the surface of BP occurs between T = 4.4 and 5 K, indicating an extremely low lateral diffusion barrier (see also supplementary Fig. 1 ). In order to ensure negligible tip-induced atomic motion, most of the topographic measurements in this work were performed with small currents (It < 6 pA).
Adsorption of alkali adatoms usually leads to charge transfer to the substrate. In the case of adsorption on a semiconductor surface, this can result in substantial band bending. This was confirmed here by observing a shift of the band edges with respect to EF (see Supplementary Fig. 2 and 3) . A sufficiently strong band bending can lead to confinement of the conduction band (CB) states near the surface, as already reported for both BP 21, 22 , as well as other narrow band gap semiconductors 23, 24 . In the case of BP, the resulting two-dimensional electron gas (2DEG) reflects the strong electronic anisotropy of the CB 21 and we can thus expect this electronic structure to be a model system for studying the effect of screening in a strongly anisotropic 2D system.
To study the resultant screened interaction between the positively charged K adatoms, we characterized the relative positions of large numbers (ca. 10,000) of adatoms (g(x,y)) in order to calculate the vectorresolved pair distribution function (g(x,y)/ gran(x,y)), where gran(x,y) is the distribution expected for random adsorption sites (see Supplemental Fig. 4 ). The mean interaction potential is straightforwardly calculated from the pair distribution function via the reversible work theorem as ,
. This analysis has previously been used to study dopant distributions in semiconductors 25 , the role of dimensionality in screened Coulomb in a variety of materials 20, 26 , and free carrier-mediated interactions at metallic surfaces 18, 19 . In order to probe the effect of screening, we first examined the adsorbate distribution upon adsorption at T = 4.4 K; we then monitored changes to the distribution after annealing the sample to higher temperatures (Tanneal) in order to overcome surface diffusion barriers ( Supplementary   Fig. 1 ). During the annealing process, the screened interaction potential plays a strong role in the redistribution of K atoms, which can then be observed after cooling again to the measurement temperature of 4.4 K. We also note that the temperature used to derive Em is a lower bound as we do not probe higher temperatures, although we observe qualitatively similar distributions at higher, uncalibrated, annealing temperatures.
The distribution of K adatoms (nK = 2.0x10 unchanged. The fact that the ordering is periodic points to an interaction potential that is strongly influenced by Friedel-oscillations along y, as seen for isotropic interactions in other systems 18, 19 . As we show later, the observed periodicity is indeed consistent with Fermi wavelength along the y-direction ( F,y). Also, doping-induced changes of the ordering can be explained by corresponding modifications of the Fermi surface as a function of electron filling.
The behavior of Em along x (Fig. 2j) , is strikingly different from y (Fig. 2k) . The interatomic spacing between atoms in the 1D chains can be ascribed to a prominent potential minimum approximately 4 nm from the origin, as well as a second weaker minimum at 8 nm. However, these structures cannot be reconciled with Friedel oscillations, because they appear at distances much shorter than F,x (see Fig. 2j ).
Explaining the atomic separation along the chain thus requires a more sophisticated treatment of the K- ), there is a qualitative change which can be explained by the CB minimum crossing EF. Beyond this coverage, Em remains qualitatively similar, but as we show in more detail below, small changes in the characteristic periodicity appear that can be linked to the doping-dependent filling of the 2DEG (Fig. 4b) .
For a detailed analysis of the doping-dependent changes, as well as the dimensionality of the screening, we analyze the decay of the oscillation in the y-direction (Fig. 4a) . A radially symmetric interaction potential derived from an electron gas with an isotropic Fermi surface can be described by 27 :
eq. 1
where C is a constant, kF is the characteristic Fermi surface wave vector, R is the distance to the scattering center, δ is the carrier phase shift upon scattering, and m is the spatial dimensionality. We fit the oscillatory Em data in Fig. 4a to eq. 1, obtaining the scattering wave vectors qy = 2*kF,y, phase shifts, and dimensionality m. For the highest doping level (nK = 1.8x10 Fig. 10 ). The ARPES measurements reaffirm the indications from STM measurements that K-doped BP hosts a 2D electron system at the surface, corroborating the previous conclusions from ARPES experiments 21, 22 . Furthermore, the 2D bands show anisotropy and effective masses roughly consistent with expectations for both monolayer and bulk BP 29 . Using Luttinger's theorem to extract the carrier density (n2D) from ARPES band structure, we compare the observed Fermi surface vectors (kF,x and kF,y) with those obtained from STM (under the assumption nK = n2D), as shown in Fig. 4e .
The agreement between the experimental methods at both low and high nK is excellent. Furthermore, the band anisotropy seen at larger nK (orange points) matches both the ARPES observations and theoretical predictions well 30, 31 .
In conclusion, we demonstrate that K doping of the BP surface reveals the anisotropic in-plane screening and quasi-1D ordering of K adatoms mediated by the quasi-2D electron system induced by bandbending. By examining large arrays of interacting K adatoms on the surface of BP, we show that the anisotropic screened Coulomb response governs the formation of 1D potassium chains and that the nearsurface confined charge carriers mediate extremely long-ranged interchain interactions (> 40 nm along the y-direction), at relatively low carrier densities (nK = 2.0x10 STS was measured using a lock-in technique to directly measure dI/dV; a modulation of Vmod = 2-6 mV at a frequency of fmod = 4.23 kHz was applied to the bias signal. Black phosphorus crystals were purchased from HQ graphene and subsequently stored in vacuum (< 1x10 Annealing was accomplished by shining white light into the STM for a period of 10 minutes, while monitoring the temperature directly on the STM stage. After annealing, the samples were again scanned at TSTM = 4.4 K.
Angle-Resolved Photoemission Spectroscopy
The ARPES experiments were performed at the SGM3 beamline of the synchrotron radiation source 
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Supplementary information
Anisotropic two-dimensional screening at the surface of black phosphorus The calculated barrier along the y-direction is approximately 37 meV, roughly similar to potassium on graphene [6] [7] [8] . The barrier along the x-direction is nearly an order of magnitude larger (287 meV). These differences indicate that the diffusion of K adatoms occurs almost exclusively along the y-direction at the temperatures reached in these experiments (T < 20 K). We note that the diffusion barriers can also show doping dependence, and therefore primarily serve as approximations for the diffusion energies. The spectra measured on the doped sample were taken at least 2 nm away from any K adatoms. Due to the low diffusion barrier of the K adatoms, it was very difficult to take spectra close to the K adatoms without tip-induced motion. Therefore, we are unable to take spectra across the entire surface and derive an average band gap value to precisely determine the band onset. This possibly explains why many ECB measurements are slightly above EF. Furthermore, we note that visible differences in apparent height near the potassium atoms suggest charge puddling indicative of changes to the local density of states. ). Bottom: histogram of the extracted valence band maxima and conduction band minima from 89 spectra, taken at least 2 nm away from any K adatoms. Shaded regions again indicate the measured range of the VB maxima (blue) and CB minima (purple).
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The band structure was calculated using DFT for two different concentrations of K atoms. For this purpose, we used supercells with dimensions ( 2 ) and (3 4 ), which correspond to the carrier concentrations nK = 3.5 × 10 . As shown in the color scale, this electron-like band is comprised mainly of phosphorus pz states, with ~30% contribution from K s states. We note that the anisotropy in the band structure is similar for 2D and 3D
BP, although this calculation does not include the band-bending potential. This band has similar anisotropy to the BP CB, and is responsible for the charge carrier screening seen with the STM. . The color scale denotes the contribution of the different orbitals: blue bands stem solely from P orbitals, while red indicates contribution from K orbitals.
Extracting the Mean Interaction Potential
To extract the mean interaction potential (Em), which describes electrostatic interactions between adatoms, a statistical analysis was performed using STM constant-current images according to previous literature [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The first step of the analysis is to determine the position Here, kB is the Boltzmann constant, T is the temperature at thermodynamic equilibrium and , is the distribution function for a random selection of adatoms 22 . Approximately 10,000 adatoms were measured in each independent determination of Em within the main manuscript. 
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Interchain Periodicities
To understand the characteristic length scales governing the length and separations between atomic K chains in Fig. 2d , we binarized the data from Fig. 2d using a simple threshold technique ( Supplementary   Fig. 5a ). This was done to effectively isolate the chains from the background. To evaluate the characteristic length scales, we performed a fast-Fourier transform (FFT) of the data in Supplementary   Fig. 5a , shown in Supplementary Fig. 5b . The characteristic interchain spacing along y is clearly evident in the peak of the FFT ( Supplementary Fig. 5d ) at ky = 0.080 Å is shown in Supplementary Fig. 7 after annealing to Tanneal = 18 K. This dopant density corresponds to the plot of Em shown in the main text in Figure 3d . Here, strong variations in the adatom distribution are seen in the dramatically reduced nearest-neighbor separations along the x-direction. These variations are also observed in the plot of Em shown in both Fig. 3d and, with greater detail, in Supplementary Fig. 8a . Here, deep attractive potentials appear along the x-direction at ~1.3 and 1.7 nm from the origin. These potential wells correspond to separations between the atoms of 3 and 4 zig-zag rows. In fact, the vertical features in Supplementary   Fig. 8a result from discretization of the K binding sites, as K adsorption is confined to the hollow sites. In addition to the potential wells, elliptical oscillatory interactions are observed at larger distances ( Supplementary Fig. 8a ). We attribute these oscillatory interactions to charge carrier screening of the charged K dopants. To confirm the experimental observations, we used a simple model to study the charge redistribution within doped phosphorene around a single point charge at the surface. To calculate the charge density oscillations, we used the following expression:
which describes the charge density response of a point charge impurity embedded into a 2D dielectric media, where Z is the impurity charge. is the static dielectric function in reciprocal space, which in the random-phase approximation has the form 25 :
where /2 is the bare 2D Coulomb interaction in reciprocal space, and Π is the 2D polarizability in the static limit. To calculate Π for BP, we used a model expression which was proposed by T. Low et al. 26 for a BP monolayer: ) is shown in Supplementary Fig. 8b . The oscillatory charge density has both a similar length scale and ellipticity as the experimentally measured interactions. The calculations confirm the experimental picture of charge carrier-mediated anisotropic interactions, although they neglect the effects of the band bending potential and that the charge sources are K adatoms. 
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Band Structure of Doped Black Phosphorus
Angle-resolved photoemission spectroscopy (ARPES) was used to study the dopant density-dependent band structure of BP. The results are qualitatively similar to those from previous experiments 1, 27, 28 . Supplementary Fig. 9 shows cuts of the band structure around Γ along kx and ky for pristine BP and several stages of potassium doping. Upon doping, multiple changes to the band structure occur: (1) the valence band shifts downward (away from EF), consistent with STS measurements and (2) an electron pocket appears at EF and shifts downward with increasing doping. As expected, the band curvature of both the VB and CB is strongly anisotropic, characteristic of the differing effective masses along the xand y-directions. Figure 9 . Band structure at varying K coverage. ARPES spectra on BP along (a) kx and (b) ky before deposition, and K-doped BP for n2D = 2.0x10 The band dispersion around the Γ point is plotted along kx, ky and kz in Supplementary Figure 10 for the case of a high dopant density. In Supplementary Figure 10a ,b, the CB minimum has shifted below the VB maximum, reaching the so-called surface band inversion seen previously [27] [28] [29] . The 2D nature of these bands is confirmed by examining the band dispersion along kz (Supplementary Figure 10c,d) . In bulk BP, the VB (and CB) strongly disperse along the z-direction due to the interlayer interactions. Yet, as seen in Supplementary Figure 10d , the CB observed at Γ is non-dispersive along kz. The lack of kz dispersion confirms that a 2D electronic state is present at the Fermi energy in K-doped BP. ).
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